INTRODUCTION
On the continental shelf of Norway, deep-water benthic faunal communities are often dominated by sponges. In some areas they comprise as much as 90% of the biomass of benthic fauna (Klitgaard & Tendal 2004, T. Kutti & R. J. Bannister unpubl. data) , and represent an important functional component in benthic habitats (Bell 2008) . Sponges play a crucial role in benthic-pelagic coupling due to their high water processing capacities (up to 14 l h −1 g −1 dry weight [dry wt], Reiswig 1974 , Pile & Young 2006 and efficient filtration of both dissolved and particulate matter from the water column (Yahel et al. 2003) . Geodia baretti (Bowerbank 1858) (Class: Demospongiae) dominates the benthic fauna in Norwegian fjords (Hoffmann et al. 2005) , as well as on the continental shelf along the Norwegian coastline (Klitgaard & Tendal 2004, T. Kutti & R. J. Bannister unpubl. data) . It can be found from 30 to 1200 m depth on both hard and soft substrate (Klitgaard & Tendal 2004) . In high-energy environments, G. barretti is found attached to stable substrates, while in areas with lower energy it is not attached, but incorporates small stones in order to maintain negative buoyancy. In low-energy environments it is covered in sediments, but is free from sediment in high energy environments. On the Norwegian continental shelf there are areas with aggregations of large sponges, commonly referred to as 'ostur', where G. barretti is one of the dominant species (Klitgaard & Tendal 2004) . Across the Traena Deep marine protected area (MPA) the biomass of G. barretti is between 1 and 4 kg m −2 (T. Kutti & R. J. Bannister un publ. data), and in some areas of the Barents Sea biomasses of up to 6 kg m −2 have been observed (Zenkevitch 1963) . Studies show that at least some sponges are sensitive to turbid water (Reiswig 1971 , Genin et al. 1992 , Tompkins-Mac Donald & Leys 2008 , Bannister et al. 2012 . This is demonstrated by the redu ced distribution, abundance and species richness of sponges in shallow reef environments (Carballo 2006 , Maldonado et al. 2008 , Bannister et al. 2010 . The effects of suspended and deposited sediment include increased metabolic stress (Bannister et al. 2012) , reduced pumping and filtration rate (Gerrodette & Flechsig 1979 , Lohrer et al. 2006 , Tompkins-MacDonald & Leys 2008 , reduced growth (Wilkinson & Vacelet 1979) , decreased reproduction (Roberts et al. 2006 , Whalan et al. 2007 ), re duced larval settlement (Moran 1991 , Whalan et al. 2007 ) and reduced survival (Mal donado et al. 2008 ). However, a number of other studies in shallow water systems demonstrate that some sponge species favour areas with high sedimentation rates (Carballo et al. 1996 , Bell & Smith 2004 , presumably a function of the morpho logical/ physio logical adaptation to such conditions. The effects can also depend on the composition of the sediment such as organic content and mineralogical composition (Maldonado et al. 2008 , Bannister et al. 2012 . It is noteworthy that human activities in deep water ecosystems are currently increasing (Glover & Smith 2003 , Puig et al. 2012 . Overall, a reduction in sponge abundance, biomass and species richness in benthic habitats can be followed by cascading impacts on the marine ecosystem (Peterson et al. 2006 , Bell 2008 . For example, a reduction of sponge abundance has been hypothesized to be the reason for the higher frequency of toxic algal blooms in Florida Bay (Peterson et al. 2006) , thus showing the importance of their filtering capacity.
Along the Norwegian continental shelf, areas with high sponge abundance co-occur with important fishing grounds (Fig. 1) . Bottom trawlers are designed to penetrate several centimetres into the seafloor and re-suspend large quantities of bottom sediment into the water column (Schoellhamer 1996 , Durrieu de Madron et al. 2005 , Bradshaw et al. 2012 . Suspen ded sediment concentrations after a single trawl pass have been measured to vary between 5 and 500 mg l −1 (Schubel et al. 1978 , Schoellhamer 1996 , Durrieu de Madron et al. 2005 , Bradshaw et al. 2012 . The largest particles settle within minutes or hours due to gravity, but 10 to 20% of the suspended load remains in suspension for several days (Durrieu de Madron et al. 2005 , Bradshaw et al. 2012 . Bradshaw et al. (2012) measured that 95% of suspended (1996−2000) on northern Norwegian continental shelf estimated for the smallest statistical subarea units reported for catch and effort in Norway, i.e. a 'location' of ~0.5° × 1° as shown on map (light grey rectangles). Records of sponge by-catch from the Institute of Marine Research's ground fish trawl surveys in the same area. Map modified from Steingrimsson et al. (2006) sediment particles had a diameter <10 µm, with > 50% < 4 µm, and could take several days to settle again. Bottom trawling can therefore contribute substantially to sediment re-suspension and sediment transport in areas where natural sediment suspension has little or no impact, especially in deep water systems (Ferré et al. 2008 ). Fishing effort is quite patchily distributed within the North Sea (Jennings & Kaiser 1998) , the Norwegian Sea (Olsen & Auran 2007) and the Barents Sea (Kolle et al. 2002) . In the Barents Sea alone, trawling intensity can range from < 6000 trawl hours yr −1 in some regions to 27 000 trawl hours yr −1 in others (Fig. 1) . In these high intensity areas, it is likely that trawling activity has an impact on sessile suspensionfeeding benthic communities both directly (i.e. bycatch and direct physical damage) and indirectly (i.e. burial and clogging of filtration apparatus) (HallSpencer et al. 2002) . Despite the overlapping spatial distribution of demosponge aggregations with bottom trawling (Fig. 1) , no studies have investigated the effects of bottom trawling activity on deep water sponges along the Norwegian continental shelf.
The aim of this study was to elucidate the physiological response of the common deep water sponge Geodia barretti to short-term exposure of suspended sediment and to identify threshold levels of suspended sediment concentration. In addition, the study was designed to look at the potential for G. barretti to recover from short-term suspended sediment exposure.
MATERIALS AND METHODS

Collection and maintenance
Fifteen specimens of Geodia barretti were collected using a remotely operated under water vehicle (ROV) from onboard the RV 'Håkon Mosby'. Sponges (size range: 1 to 2 dm 3 ) were collected from a soft sediment habitat located at a depth of 200 m within the Lungenuen passage, a small branch of the Hardanger Fjord, Bergen, Norway. Whole, undamaged G. barretti individuals at tached to small stones or dead coral rubble were carefully selected and placed within a large collection box fitted to the ROV. This ensured that the individuals were not exposed to air during collection or subsequent transfer to a larger tank onboard the research vessel. Whilst onboard the research vessel, sponges were maintained under low light conditions and supplied with a constant flow of deep-water (from ~100 m) using a pump to ensure stable water quality (i.e. oxygen, temperature, salinity and food). After collection, sponges were transferred to the deep-sea ecology lab at the Institute of Marine Research (IMR), Bergen.
At the deep-sea ecology lab, sponges were maintained in 600 l flow-through tanks supplied with unfiltered water pumped from ~120 m depth from Byfjord, Bergen. No additional food was added. The temperature in the system was very stable, with constant temperature (8 to 9°C) and salinity (34.5) during the experimental period. The sponges were acclimatised to laboratory conditions for 2 mo prior to the start of the experiment. Earlier work by Hoffmann et al. (2006) had demonstrated that cultivated Geodia barretti individuals maintained under laboratory conditions in Bergen for > 8 mo maintained a similar bacterial symbiotic community to those of freshly collected G. barretti individuals. Therefore, we assumed that a shift in the symbiotic community of our acclimated sponges was unlikely given the time frame in the aquaria.
Respiration chamber design
To perform the respiration measurements, closed transparent perspex respiration chambers (80 l) were used. Each chamber was placed in a larger flowthrough tank (600 l) used as a water jacket to maintain constant temperature. Both chambers were equipped with 2 pumps. The first pump maintained a continuous water re-circulation within the chamber, and the second was used to flush the chamber at specific time intervals to renew the water and prevent oxygen depletion below 80%. A pressure-controlled valve was built into the chamber to let the water out during flushing. Oxygen concentration and temperature were recorded every 30 s using a Fibox oxygen optode (PreSens). The chamber had an extra hole in the lid that could easily be opened and closed to add sediment and fluorescent dye.
Experimental design
To determine short-term physiological responses of Geodia barretti to elevated suspended sediment concentrations, replicate individuals (n = 3 per treatment) were exposed to 5 different treatments (initial concentrations of 0, 10, 50, 100 and 500 mg dry wt l −1 ). The sponges were randomly selected for each of the 5 different treatments. The natural sediment (sieved to <1 mm) used in the experiment was collected using a box core at the site of sponge collection, and the top 5 cm of sediment was collected. The selected sediment concentrations are ecologically relevant according to measurements taken after bottom trawling (Schubel et al. 1978 , Schoellhamer 1996 , Durrieu de Madron et al. 2005 , Bradshaw et al. 2012 .
Geodia barretti individuals were transferred to respiration chambers for an acclimation period of 8 h prior to the beginning of each experiment. After acclimatisation, the respiration rate of sponge individuals was measured over 5 consecutive 4 h periods. During the 1st period the baseline respiration rate was measured. During the 2nd period, sponges were exposed to the different sediment concentrations, added in suspension directly to the water through the hole in the lid. The 3rd, 4th and 5th periods were recovery periods to assess the recovery rates. Between each period, chambers were flushed for 30 min with new water to replenish the water and oxygen. Additionally, after the second period (sediment exposure) the chambers were flushed for 60 min to ensure that all the sediment in suspension was flushed out from the chambers. To account for potential respiration of microorganisms, chambers (n = 3) were kept empty during measurements for each of the 5 concentrations. The changes in respiration in the blank chambers were added or subtracted from treatment chambers. Sponge respiration rate (R in µmol O 2 g -1 min -1 ) was calculated as follows:
where t 0 is the beginning and t 1 is the end of the 4 h period of oxygen concentrations in µmol O 2 ; 'correction' is the average change in oxygen in the blank chambers, V cham is the volume of the chamber (l) and W dry/wet is dry or wet wt (g). For each sponge, a percentage change in respiration rate was calculated based on the difference from the baseline measurements, both for the exposure and for each of the recovery intervals:
Volume (cm 3 ), wet and dry wt were recorded for every sponge after all the measurements were done. Water displacement was performed on whole sponge individuals to determine the volume. To obtain the dry wt, several subsamples were taken from each sponge and dried to constant weight at 60°C. Respiration rates were standardised to either cm 3 , wet wt or dry wt of sponge tissue, in order to enable comparisons with literature values.
Pumping activity was visually assessed before exposure, after exposure and during recovery intervals using fluorescent dye, which was gently released into the oscula of each sponge. Due to poor visibility in the high sediment concentration treatments (50, 100 and 500 mg l −1 ), pumping activity was not assessed directly after the exposure interval.
The grain size of the sediment was analysed with a mastersizer 2000 (v 5.40, Malvern Instruments), following the methodology outlined in Maldonado et al. (2008) .
Statistical analysis
A 2-way ANOVA for repeated measures was used to examine differences in respiration rates between levels of sediment concentration (i.e. 0, 10, 50, 100, 500 mg l −1 ) over time. The assumption of sphericity for this analysis was not met, so a GreenhouseGeisser adjusted significance level was used (Quinn & Keough 2002) . A Tukey's post hoc test was performed to test for significant differences between each of the 4 h intervals (baseline, exposure, recovery 1, recovery 2, recovery 3). In addition, a 1-way ANOVA was used to test the percentage change of respiration during the 4 h exposure interval as a function of sediment concentration (i.e. 0, 10, 50, 100, 500 mg l −1 ). Planned post hoc tests were used to identify the particular sediment concentrations responsible for significant changes in the respiratory percentage compared with the control treatment (0 mg l −1 ). All the statistics were performed in Statistica 10 (StatSoft) and SigmaPlot 11.0. All results are presen ted with mean ± standard error, unless stated otherwise.
RESULTS
The sediment had a median grain size of 71 µm (mean 139 µm), with 7% clay < 3.9 µm, 42% clay of 3.9 to 62.5 µm, and 23% of the volume being fine sand (62 to 125 µm) (Fig. 2) .
The pre-exposure respiration rate for all 5 treatments (sediment concentrations) was 1.599 ± 0.158 µmol O 2 h −1 g dry wt −1 (0.33 ± 0.036 µmol O 2 h −1 g wet wt −1
). These values are within the range presented in other studies for other species (Witte & Graf 1996 , Osinga et al. 1999 .
Exposure to suspended sediments had a clear effect on the respiration over time (p = 0.00083, Table 1 ), where the exposure period clearly showed a reduced respiration compared with baseline (p = 0.000126) as well as the 3 recovery periods (recovery 1: p = 0.000494, recovery 2: p = 0.00167, recovery 3: p = 0.000503). There was no large difference observed in respiration rates between baseline and recovery periods. The baseline respiration rate changed in response to the different exposure treatments, with low concentrations of natural sediment (10 mg l −1 ) having little or no effect on respiration activity (1.77 ± 0.41 µmol O 2 h −1 g dry wt −1 ) of G. barretti (Fig. 3, Table 2 ). The 20% reduction in respiration activity during the exposure period for the 10 mg l −1 treatment group was also detected for the control treatment (0 mg l −1 ) (Fig. 4) . Furthermore, the constant respiration rate observed during the recovery period suggests that the 4 h exposure period did not affect the sponges for an additional 12 h post exposure (Fig. 3) . A significant effect of elevated suspended sediment exposure on Geodia barretti was detected at higher concentrations (i.e. 50, 100 and Fig. 4 ). During the exposure period for one of the sponges exposed to 500 mg l −1 , the oxygen optode failed to log the oxygen measurements, so unfortunately no data were collected during this period.
Interestingly, despite significant reductions in meta bolic activity during the exposure period to the higher sediment loading levels (50, 100 and 500 mg l −1 ), Geodia barretti metabolic activity showed little variation between the 3 recovery periods and the respective baseline measurements (Fig. 3) .
During the 4 h sediment exposure, the sediment concentration was reduced by an average of 35%. Only the largest particles settled out of suspension throughout the exposure period. Observations after the exposure period showed that the sponges were clearly covered with sediment in all of the treatments except for the control (0 mg l −1
). The addition of fluorescent dye showed that the sponges were pumping before exposure and at the end of each of the 3 recovery periods in all the treatments. This was also true for the sponges in the control (0 mg l −1
) and the lowest concentration (10 mg l −1 ) directly after the exposure period. Sponges exposed to the higher sediment loads were actively pumping 1 h after the exposure period ended.
DISCUSSION
Exposure to elevated concentration of suspended sediment resulted in rapid changes in the respiration rate of the deep-water sponge Geodia barretti. The rate of respiration was clearly impeded at higher concentrations of natural sediment, with reductions of 52, 86 and 67% occurring during short-term exposure periods to 50, 100 and 500 mg l −1 , respectively. Earlier studies by Reiswig (1971) and Gerrodette & Flechsig (1979) demonstrated a reduction in pumping activity during exposure to suspended sediments and made the assumption that this would lead to a reduction in respiration. Both respiration and filtration rely on the water current through the canals and are thereby closely related to each other (Reiswig 1971 , Gerrodette & Flechsig 1979 . In the present study there were no observations of the pumping activity during exposure, but we can assume that the reduction in respiration rates observed here relates to a reduction in pumping activity, as suggested by the latter 2 studies.
Variation in baseline respiration was observed between individuals from the different sediment treatments. This was not unsurprising given that previous observations/measurements of the pumping activity of Geodia barretti individuals did not show any pattern between pumping speed (ranging between 1 to 15 cm s −1 ) and sponge size (R. J. Bannister unpubl. data); therefore, differences in respiration rate of sponges both within and between sponge size could be plausible. Thus, direct comparisons of respiration activities between similar sized G. barretti individuals between treatments should be made with care, with comparisons with percent change in respiration being a more appropriate comparison between individuals.
Interestingly, exposure to low concentrations of natural sediment (i.e. 10 mg l Table 2 . One-way ANOVA performed on the percentage reduction between the different treatments during the exposure period, followed by a planned comparison test comparing the exposure period measurements in the control treatment (0 mg l −1 ) with each of the 4 sediment concentrations (10, 50, 100 and 500 mg l ) compared with exposure to the higher sediment concentrations. One possible explanation for this variation in respiration is that the lower sediment concentrations were not high enough to induce a complete shutdown in pumping activity. As such, these sponge individuals may have filtered sediment into their canal system, leading to irritation of the sponge, and consequently modified pumping behaviour in order to cope with sediment particles clogged inside the canal system and trapped on the cho anocytes (feeding cells).
The threshold concentration of suspended sediment that initiates a change in respiration for Geodia barretti was between 10 and 50 mg l −1
. Differences in sediment threshold levels observed between different sponge species may be a function of their different ambient environments and the different abilities of sponges to cope with suspended sediments (Carballo et al. 1996 , Bell & Smith 2004 . The rapid response of G. barretti was also seen during recovery, when respiration rates returned quickly to baseline levels. Both Tompkins-MacDonald & Leys (2008) and Bannister et al. (2012) measured recovery after exposure to suspended sediment, and these studies demonstrated that sponges returned to their initial respiration and pumping rates respectively, between 3 and 25 h after exposure ended.
The reduction in metabolic activity of Geodia barretti contradicts the results of Bannister et al. (2012) , who clearly demonstrated that the respiration activity of the tropical demosponge Rhopaloeides odorabile increased slightly during a 7 h exposure period to elevated suspended sediment concentrations (64 mg l −1 ), and significantly (+ 43%) during a longer exposure period (24 h) to the same concentration. A study by Murray (2009) demonstrated that exposing the temperate sponge Tethya bergquistae to a very high sediment concentration of 2.5 g l −1 does not initiate any respiratory response, while exposure to 8.5 and 16.5 g l −1 resulted in an 80% reduction in respiration. In that study a very high sediment concentration (16.5 g l −1
) together with a short exposure time (15 min) resulted in a rapid respiratory response. During the present study the respiratory response of G. barretti showed a rapid 86% reduction in respiration, but for a significantly lower suspended sediment concentration compared to that used by Murray (2009) . It has been argued that the sensitivity and response of sponges to elevated suspended sediment concentrations is both species specific and a function of their ambient environment (Carballo et al. 1996 , Bell & Smith 2004 . The contrasting responses of different sponge species exposed to suspended sediment in the current literature further support this statement.
The mechanisms driving the observed changes in demosponges exposed to sediment stress are still unresolved. It has been a long-held theory that sponges are non-selective filter feeders, with inhaled particles discriminated solely on the size of the sponge's inhalant canals and ostia (Bergquist 1978) . Thus, fine sediment particles that do enter the ostia will clog the canal and filtration system of the sponge. However, there is evidence that demonstrates that sponges can selectively ingest preferred food items (Maldonado et al. 2010) , suggesting that the physiological functioning of sponges is complex and requires further examination. There are many different strategies described for coping with suspended sediment and clogged canals in sponges. Bannister et al. (2012) showed that increased mucus production can protect sponges from smothering inhalant pores, but that this may be at a high energetic cost (Riegl & Branch 1995) and therefore may only be used for short-term protection. Other studies have also demonstrated that pumping stops in response to short exposure of suspended sediment followed by a continuous on−off pumping activity, also known as pacemaker movements, in order to clean the canals (Tompkins-MacDonald & Leys 2008) . For other sponges, a contraction activity has been described that can reduce the body volume by up to 70% (Nickel 2004). Other sponge species are able to reorganize their cells to create new inflow and outflow canals (ostia and oscula respectively) (Bond 1992 , Ilan & Abelson 1995 , or modify their morphology to suit their ambient environment (McDonald et al. 2003 , Bell 2004 . The different strategies mentioned here most likely have very different energetic demands, which can be related to differences in the observed physiological responses observed in spon ges (Reiswig 1971 , Gerrodette & Flechsig 1979 , Murray 2009 , Bannister et al. 2012 .
Deep sea sponges in or near bottom-trawled areas are probably exposed to sediment plumes that can impact both their abundance and distribution, as has been observed for other sponge species (Bell & Barnes 2000 , Carballo 2006 , Bannister et al. 2010 . Sponges have an important role when it comes to benthic−pelagic coupling and recycling of nutrients (Pile & Young 2006 , Yahel et al. 2007 , Maldonado et al. 2012 , and if that is disturbed a cascading ecological effect can be expected (Peterson et al. 2006 , Bell 2008 . Nevertheless, sponges are not included in many monitoring programs (Bell 2008) .
The exposure time in the present study was only 4 h, which is relevant for areas with bottom currents where the sediment plume will be transported away from the trawl track and expose the surroundings to shorter pulses of sediment loadings. Additionally, exposure to repeated short pulses could have an impact on the respiration rate, e.g. Reiswig (1974) documented an 80% decrease in pumping rate related to an unstable environment. Furthermore, Bannister et al. (2012) demonstrated that a longer exposure time (24 to 96 h) had detrimental results on the metabolism of tropical coral reef sponges. Given that fine particles from trawl-induced sediment plumes may take several days to settle out of suspension (Bradshaw et al. 2012) , it can be hypothesized that sponge aggregations in the vicinity of trawling grounds may be subjected to increased turbidity from bottom trawling activity.
This study demonstrates that the deep-water sponge Geodia barretti has a quick response to elevated suspended sediment, as documented by the reduced respiration rate of up to 86%. Furthermore, G. barretti can quickly return to baseline respiration levels directly after a short pulse-exposure to natural suspended sediments. It is clear that G. barretti has established mechanisms to protect itself from short periods with elevated suspended sediment concentrations. However, it is unclear how this mechanism is initiated and how long G. barretti can tolerate such conditions. Repeated and longer exposure periods to high concentrations of suspended sediment may have consequences for the physiology, energetic and reproductive output, as has been demonstrated for other sponges (Gerrodette & Flechsig 1979 , Roberts et al. 2006 , Bannister et al. 2012 . The results of this study and future studies assessing long-term exposure of suspended sediments on deep-water sponge communities will be vital in improving management advice to the bottom trawling industry in areas characterized as vulnerable habitats by the Oslo and Paris Convention (OSPAR) and United Nations Environment Programme (UNEP) (Hogg et al. 2010) . 
